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Abstract. We have examined the hemocytes of three

decapod crustaceans (Homarus americanus, Panulirns

interruptus, and Loxorhynchus grandis) and propose a

classification of these cells based on morphology, cyto-

chemistry, and studies of cell functions. In all species,

hyaline cells and granulocytes were identified. Although
we have retained the widely used names for these cells,

we show that traditional morphological features alone do

not accurately differentiate between these categories.

Historically, the term hyaline cell refers to hemocytes
that contain no or only a few cytoplasmic granules,

whereas granulocytes contain abundant granules. How-
ever, the size and number of granules in hyaline cells

vary greatly between species and therefore are not useful

criteria for identifying these cells. Since morphological
identification alone is inadequate and misleading, espe-

cially with regard to hyaline cells, a combination of mor-

phological, cytochemical and functional methods is nec-

essary to identify decapod hemocytes. Features of hya-

line cells include: a higher nucleocytoplasmic ratio than

that of granulocytes, the presence of abundant small

(~50 nm), round, electron-dense deposits in the cyto-

plasm, and their accumulation of trypan blue dye prior

to cytolysis. Granulocytes do not take up trypan blue or

lyse during a 5-min incubation, and they contain pro-

phenoloxidase and hydrolases. Hyaline cells are involved

in the initiation of hemolymph coagulation whereas

granulocytes are involved in defense against foreign ma-

terial by phagocytosis and encapsulation. We propose
that these criteria be applied to other crustacean species

and expect that they will facilitate our understanding of

the physiological roles of their hemocytes.

Introduction

In crustaceans, circulating hemocytes are thought to

be involved in hardening of the exoskeleton, prevention
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of blood loss and the confinement of invasive organisms

by clot formation, recognition of non-self, phagocytosis,

and encapsulation (Bauchau, 1981; Ratnerand Vinson,

1983). Although recent research has expanded the vari-

ous physiological roles played by crustacean hemocytes,

extention of this information from one species to an-

other is difficult because of the lack of a unified classifi-

cation scheme for the hemocytes of all Crustacea. Prior

hemocyte classification systems rely on tinctorial proper-

ties of the cells, which are often subtle or subjective, and

seldom apply to other species ( Martin and Graves, 1985).

Using the penaeid shrimp Sicyonia ingentis as a proto-

type for decapod crustaceans, a hemocyte classification

system was developed, which relates cellular morphology
at the light and electron microscope levels, cytochemis-

try, and three essential functions: clotting, phagocytosis,

and encapsulation (Martin et a!., 1987; Hose etal., 1987;

Omori et al., 1989; Hose and Martin, 1989). The choice

of this species proved serendipitous because the three

types of hemocytes are morphologically distinct and clot-

ting occurs by explosive cytolysis (Tail's type C coagula-

tion; Tait, 1911), making identification of the clotting

cell type relatively easy. At the electron microscope level,

the cells that initiate clotting are readily identified by sev-

eral features typical of hyaline cells (small size, a high

nucleocytoplasmic ratio, and scarcity of cytoplasmic

granules) and by the presence of numerous, small (~50
nm diameter), electron-dense deposits in the cytoplasm.

In addition, the hyaline cells selectively stain with Sudan

black B. as does coagulogen extracted from cell-free

hemolymph of Paniilirus interruptus and Astacus lepto-

clactyhts (Durliat, 1985). During lysis of these cells, the

deposits appear to extend through breaks in the plasma
membrane and hydrate to produce the clot (Omori et

al.. 1989). The granulocytes are larger cells with a lower

nucleocytoplasmic ratio and contain numerous small

(0.4 ^m diam.) or large (0.8 ^m diam.) granules. Granu-

locytes (small and large granule hemocytes) show no
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morphological changes during coagulation and are capa-

ble of phagocytosis of bacteria and encapsulation of fun-

gal hyphae. Phagocytosis is accomplished primarily by

small granule hemocytes (Hose and Martin, 1989); they

contain many vesicles and occasional granules that stain

for acid hydrolases (acid phosphatase, /3-glucuronidase,

and nonspecific esterase) (Hose et al., 1987). Encapsula-

tion is initiated by large granule hemocytes and, to a

lesser extent, by small granule hemocytes (Hose and

Martin, 1989). Prophenoloxidase (PPO), an enzyme in-

volved with melanization of encapsulated material and

possibly the recognition of non-self items (Soderhall.

1982), is most abundant in large granule hemocytes and

to a lesser degree in some small granule cells. In contrast,

hyaline cells, which do not phagocytize bacteria or assist

in capsule formation, do not contain PPO and only

rarely acid phosphatase (Hose el al.. 1987). Thus the di-

vision of shrimp hemocytes into two functional groups,

hyaline (or clotting) cells and granulocytes, is supported

by morphology, cytochemistry, and function.

This paper extends the results of the shrimp studies to

other decapods and attempts to develop a unified hemo-

cyte classification system for the diverse assemblage of

crustaceans. This diversity is exemplified by the exis-

tence of multiple coagulation mechanisms. In contrast

to clotting via explosive cytolysis as in the shrimp (type

C according to Tait, 1911), other decapods exhibit type-

A coagulation which is distinguished by the formation of

a dense hemocyte network which seals oft' the injury and

plasma coagulation is not apparent or type-B coagula-

tion in which hemocyte aggregation is followed by

plasma coagulation (Tait, 191 1). In the present study, we
examined the hemocytes in one species with type-A co-

agulation (a crab, Loxorhynchus grandis), one species

with type-B coagulation (the Maine lobster, Homarm
anicriainus), and one species with type-C coagulation

(the spiny lobster, Pamdiriis interniptus). Light and elec-

tron microscopic features of hemocytes from these three

decapods are compared to those identified in the shrimp
and correlated with a suite of cytochemical characteris-

tics (Sudan black B, acid phosphatase, and PPO) and a

group of essential physiological functions (clotting,

phagocytosis, and encapsulation). The methods pre-

sented here should facilitate study of decapod hemocytes

by providing a framework for practical hemocyte classi-

fication.

Materials and Methods

Animals

Spiny lobsters (P. interruptus] and sheep crabs (L.

grandis) were collected in less than 1 mof water at King
Harbor Marina, Los Angeles, California. Maine lobsters

(H. americtiHiis) were purchased commercially. Crusta-

ceans were maintained in flow-through aquaria at 18C
and only intermolt animals were studied.

Microscopic examination of hemocytes

Freshly fixed hemocytes were examined by light mi-

croscopy (LM) (brightfield and phase contrast optics) to

determine cell size, cell shape, granule size, and differen-

tial hemocyte counts. An aliquot of hemolymph (usually

0.2 cc) was withdrawn from the ventral sinus or heart

into a 1 cc syringe containing 0.4 cc of fixative (2.5% glu-

taraldehyde in 0. 1 A/sodium cacodylatepH 7. 8 contain-

ing 12% glucose).

Excess fixative was added to a second 0.2 cc hemo-

lymph aliquot, and the cells were processed for examina-

tion by electron microscopy. The cells were fixed for 2 h

at room temperature and pelleted (10,000 X g for 1.5

min). Following a 10-min wash in 0.1 Msodium caco-

dylate (pH 7.8) containing 24% sucrose, the cells were

post-fixed in 1%OsO4 in 0.1 Msodium cacodylate for 1

h at room temperature. Each sample was stained en bloc

for 1 h with 3% uranyl acetate in 0. 1 Msodium acetate,

dehydrated in a graded series of ethanol, and infiltrated

and embedded in Spurr's (1969) low viscosity plastic.

Thin sections (90 nm) were cut on a Porter Blum MT2B
ultramicrotome, stained with lead citrate and exam-

ined in a Hitachi HU 1 1 A transmission electron micro-

scope (TEM).

Nucleocytoplasmic ratios were determined by divid-

ing the area of the nucleus by the area of the cell. For

hyaline and small granule hemocytes, both areas were

clearly identified in light micrographs of immediately

fixed cells and measured using a digitizing tablet and Sig-

ma-Scan computer software (Jandel Scientific). Be-

cause the nucleus is difficult to visualize in phase contrast

images of large granule hemocytes, measurements were

made from thick plastic sections. To ensure that cells

were sectioned through their greatest axis, only large

granule hemocytes showing typical length and width

measurements were used. There was no difference in size

measurements of fixed cells examined in wet mounts by

phase optics and cells embedded in plastic and sectioned.

Identification of cell-type initiating coagulation

Two previously used approaches helped to identify the

type of hemocyte initiating coagulation of the hemo-

lymph: ( 1 ) visual examination of hemocyte types accu-

mulating trypan blue, an event we have previously

shown to be a direct precursor to cytolysis and ensuing

clot formation and (2) ultrastructural examination of he-

mocytes fixed at stages during clot formation (Omori et

al.. 1989). For the first technique, 0.1 cc of freshly drawn

hemolymph was gently mixed on a glass slide with 0. 1 cc

of a 1.2% solution of trypan blue in seawater. Within 1-

2 min, certain hemocytes accumulate the blue color in
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both the cytoplasm and nucleus. By 5 min these cells lyse

and the cytoplasm is lost, but the blue staining nuclei

remain. Individual cells may be identified and observed

as they accumulate the dye and lyse. After 5 min, the

number of blue stained nuclei and the cells remaining

intact and colorless were counted. Six hundred cells were

evaluated for each species.

The second method provided ultrastructural informa-

tion on the type of hemocyte that initiates coagulation as

well as changes in these cells during cytolysis. Aliquots

of hemolymph (0. 1 cc) and seawater (0. 1 ml) were mixed

for times ranging from 1 5 s to 5 min and then fixed by the

addition of an excess amount of gluaraldehyde fixative and

prepared for TEMexamination as described above.

Phagocytosis of bacteria by hemocytes

In vitro phagocytosis experiments were performed as

described by Hose and Martin (1989). A glass micro-

scope coverslip was placed into each of two sterile plastic

Petri dishes and each covered with 20 ml of shrimp cul-

ture medium (SCM, Brody and Chang, in press). Ap-

proximately 0.3 cc of hemolymph was added over each

coverslip, and hemocytes were allowed to settle and at-

tach to the coverslips for 15 min. Approximately
100,000 cells of a Gram-negative marine bacterium (Cy-

top/iaga sp.; Occidental College Isolate 1 ) were added to

one of the dishes. Cultures were incubated at 12C for 3

h. Coverslips were fixed in methanol for 5 min and

stained with May Grunwald-Giemsa. Differential counts

of approximately 200 hemocytes were performed and the

numbers of phagocytic cells (hemocytes containing at least 1

bacterium within a vacuole) were recorded. Dead hemocytes
were differentiated from viable cells by the presence of

nuclear degeneration (karyolysis, pycnosis).

Fungal encapsulation

The method of Hose and Martin (1989) was used to

determine the types of hemocyte that attached to fungal

hyphae and initiated capsule formation. Approximately
1 ml of hemolymph was added to 1 2 ml SCMin a 1 5 ml

plastic centrifuge tube. Small cubes (0.5 mm3
) of Sabou-

raud-dextrose agar containing primarily hyphae of Fu-

sarium solani (University of Arizona strain 1623C) were

added to the tube; the culture was incubated at 1 2C. Af-

ter 1. 2, and 5 min, a cube was removed and washed

gently in SCMto remove nonadherent hemocytes. The
cell types attached to the fungus were identified using phase

contrast microscopy (total of 200 cells for each species).

Hemocyte cytochemistry

Hemolymph (0.2 cc) was withdrawn into 0.2 cc of

12.5% unbuffered citrate anticoagulant (which prevents

lysis of hyaline cells), spread on three glass microscope

slides, and allowed to air dry. Constituents of hemocyte

granules and cytoplasm were visualized using methods

given in Hose et al. (1987). Smears were prepared from

six individuals of each species. Where possible, 200 cells

per slide were evaluated using brightfield microscopy

( 1000X); each hemocyte was categorized and individual

cellular reactions were recorded.

Lipids and lipoproteins were demonstrated using a

commercial Sudan Black B kit (Sigma Chemical Co. Kit

#380). Glutaraldehyde-fixed hemocytes were processed

according to provided directions except that the nuclear

counterstain was not used. Cytoplasmic staining was

differentiated from staining of granule or plasma mem-
branes and was termed a positive reaction (Hose et al.,

1987). Occasionally entire granules were stained by Su-

dan Black B; these are noted in the results.

Prophenoloxidase (PPO) activity was evaluated in

smears fixed in 2.5% glutaraldehyde in 0.1 Mphosphate

buffer (pH 7.4) for 1 h at 4C. The smears were rinsed

three times in phosphate buffer ( 1 5 min each ), then incu-

bated in 0.1% L-DOPA in phosphate buffer for 16 h at

room temperature. Black staining of the granules was in-

terpreted as a positive reaction (Hose el al., 1987).

Acid phosphatase in glutaraldehyde-fixed hemocytes
was visualized using a commercial research kit (Sigma
Chemical Co. Kit #386). Naphthoi AS-B1 phosphate was

used as the substrate, yielding a red-violet reaction prod-

uct (naphthol AS-Bl-fast garnet GBC complex). Al-

though the location and abundance of acid phosphatase

was species-specific, the rating system previously used for

the shrimp (Hose el al., 1 987) was acceptable for use with

the lobsters. In the shrimp we recognized the following

categories: rare (0 to 3 positive foci per cell), few (4 to 10

foci per cell), intermediate ( 1 1 to 30 foci per cell), and

many (>30 foci per cell). Because L. grandis contained

more acid phosphatase foci than the shrimp, the rating

system was slightly modified for evaluation of crab he-

mocytes. A distribution of the number of positive foci

per cell was constructed and the limit for the "rare" cate-

gory placed between the groups containing rare and few

foci. Thus while the rare category consisted of less than

four foci for shrimp and the lobsters, it was enlarged to

include less than six foci for the crab. A rare response was

interpreted as negative. Remaining limits were identical

for all four species. Two hundred cells were evaluated for

each test; each hemocyte was identified and individual

cellular reactions were recorded.

Results

Description of hemocyte types

Using morphological criteria previously developed for

the shrimp (Martin et al., 1987), three basic cell types

were observed in each of the decapods studied; one type
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Table I

Large granule cells Small granule cells Hyaline cells

Homarus americanus

Cell size (length x width)

Granule diameter

Number ot granules

Nucleocytoplasmic ratio

Panulirus interruptus

Cell size (length width)

Granule diameter

Number ot granules

Nucleocytoplasmic ratio

Loxorhynchus grandis

Cell size (length width)

Granule diameter

Number of granules

Nucleocytoplasmic ratio

23.42.2 x 12. 3 1.3(11)

1.3 0.1 (30)

72. 7 4.6 (30)

20.3 1.8(10)

22.6 l.3x 14.1 0.5(12)

1 .4 0.1 (30)

34.0 + 2.4(30)

I8.3 1.3(8)

20.4 0.5 < 13. 7 0.6 (1 9)

1.4 + 0.1 (30)

28.0 4. 1 (30)

17.5+ 1.5(1 1)

20.9 0.6 x 13.9 0.3 (18)

0.9 + 0.1 (30)

27. 3 5.6 (30)

27.5 2.4(10)

1 9. 7 0.9 x 10.0 0.3 (18)

0.8 0.1 (33)

10.8 4.3 (30)

24.6 2.1 (16)

I 7.9 0.5 X 10.6 0.4 (15)

1.0 + 0.1 (30)

8.0 1.6(30)

23.5 1.0(11)

14.1 + 0.8X 11.20.6(16)
0.9 0.1 (30)

13.9 + 3.0(30)

40.0 2.5 (13)

14.2 + 0.5 X 10.6 0.2 (18)

1.2 0.1 (30)

5.6 + 0.8(30)

40.2 1.5(16)

14.5 1.0 x 9.1 0.3(12)

1.0 + 0.1 (30)

38.3 5.6 (30)

36.0+ 1.5(16)

Measurements are mean standard error (number ot measurements). Cell sizes are presented in length width. Cell and granule sizes are in

/jm. Number ot'granules is the number per sectioned cell. Nucleocytoplasmic ratios are percentages.

T-tests showed significantly smaller hyaline hemocyte size for all three species compared to either small or large granule hemocytes (P < 0.05).

Nucleocytoplasmic ratios for hyaline hemocytes of all three species were significantly larger than those of small or large granule hemocytes (P

< 0.05).

of hyaline cell and two subgroups of granulocytes (small

and large granule hemocytes) (Table I).

Hyaline Cells (Figs. 1A-6A). Hyaline cells were the

most morphologically diverse type of hemocyte. When
examined by phase contrast microscopy, they were gen-

erally ovoid in shape, smaller than granulocytes and with

a higher nucleocytoplasmic ratio (Table I), and either

contained few large granules (P. interruptus) or numer-

ous smaller granules (//. americanus and L. grandis).

Most hyaline cells of //. americanus measured 21X11
Atm although smaller hemocytes (from 12 ^m in the larg-

est dimension) were occasionally observed. The smaller

cells may represent immature hyaline cells because they

were continuous in size with the hyaline cell and proba-

bly correspond to the prohyalocyte category recognized

by Cornick and Stewart (1978). Hyaline hemocytes of

H. americanus had numerous (14/section) small, ovoid

granules, 0.9 jum long, the contents of which appeared

homogeneous and electron dense at the EM level. The

cytoplasm contained Golgi bodies, abundant rough en-

doplasmic reticulum (RER), a circumferential band of

microtubules, a few vesicles, mitochondria, and small

(~50 nmdiam.), round, electron-dense deposits (Fig. 7).

Hyaline cells of the crab (L. grandis) resembled those of

the Homarus, except they contained more granules (40/

section) that, at the EMlevel, were ovoid, homogeneous,
and electron dense. Hyaline hemocytes of the spiny lob-

ster (P. interruptus) were distinctive in that only a few

(6/section) large (1.2 ^m diam.) granules were present.

Ultrastructurally the granules had a punctate pattern.

Otherwise, features of the cytoplasm were similar to

those described for the other species.

Granulocytes. Granulocytes could be easily differen-

tiated into two groups using phase contrast microscopy:

small (Figs. 1B-6B) and large (Figs. 1C-6C) granule he-

mocytes. Small granule hemocytes contained few to

many, round, dark, small (usually <1.0^m diam.) gran-

ules and a relatively small, centrally located nucleus,

whereas the cytoplasm of large granule hemocytes was

packed with larger (1.3-2.0 nm diameter), refractile

granules that obscured the eccentrically placed nucleus

(Table I). However, it was sometimes difficult using

TEM to distinguish between small granule hemocytes

containing numerous granules and large granule hemo-

cytes because the sectioned granules appeared similar in

size. These cells may be part of a single line of maturation

in which the number and size ofgranules in small gran-

ule hemocytes increase until the cell is recognized as a

large granule hemocyte. To distinguish between small

and large granule hemocytes, we relied on ( 1 ) the loca-

tion of the nucleus (centrally or eccentrically placed) and

(2) the presence of only large granules (> 1.2 ^m diam.) in

large granule hemocytes while small granule hemocytes

may contain both large and small granules. Both types of

granules were often surrounded by a clear (artifactual?)

space (see Figs. 6B and C), and in P. interruptus, granules

in the large granule hemocytes often did not section

cleanly but appeared fractured (see Fig. 4C), unlike those

present in small granule cells. The cytoplasm of granulo-

cytes, both small and large granule hemocytes, contained
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Figures 1-3. Light micrographs of hemocytes from Panulirux interruptus (Fig. 1), Htmiarus ameri-

canus (Fig. 2), and Loxorhynchus grandis (Fig, 3) showing hyaline cells (column A), small granule (column

B), and large granule (column C) types. Note the small size of the hyaline cells compared to the granulo-

cytes. The large granule cells are highly refractile and it is difficult to observe the nucleus. All figures at

2600X; scale bar =

Golgi bodies, RER, vesicles, mitochondria, ribosomes,

and microfilaments scattered between the granules (see

Fig. 7). Microtubules, typically in a band adjacent to the

plasma membrane, were commonly seen.

Hemocyte differential counts

Differential counts were performed using phase con-

trast LM and TEM (Table II). Although individual

paired counts are similar, we consider the TEMcounts

more accurate for comparison because of the inherent

greater resolution. P. interruptus had the highest percent-

age of hyaline cells at 56%, whereas L. grandis and //.

americanus were considerably lower at 2 1 %and 27%, re-

spectively. Large granule granulocytes constituted be-

tween 10% and 13% of the total with small granulocytes

comprising about 65%. in H. americanus and L. grandis

and 31%. in P. interruptus.

Clotting

Patterns of coagulation. The species studied represent

the three coagulation patterns described by Tail (1911).

In L. grandis (Tail category A), the bulk of the clot con-

sisted of long cellular aggregations linked by strands of

clot material. The clot produced by H. americanus (Tail

category B) contained isolated islands of coagulated

hemolymph with intervening areas of packed hemo-

cytes, whereas in P. interruptus (Tail category C), cell ag-



Figures 4-6. Transmission electron micrographs of hemocytes from Panulints inierrupiu* (Fig. 4).

Homarus americanus (Fig. 5), and Loxorhynchusgrandis(F\g. 6) showing hyaline (column A), small gran-

ule (column B) and large granule (column C) types. Granules are present in hyaline cells although not

abundant. Small granule hemocytes are characterized by small granules in a relatively large amount of

cytoplasm and in large granule hemocyles the granules till much ol the cytoplasm. All figures at 5500X;

scale bar = 5 ^m.
38



Figure 7. Transmission electron micrograph of a hyaline hemocyte from Homarus americanux show-

ing cytoplasmic deposits (arrows), RER (R), a granule (G). vesicles (V), nucleus (N). and edge of Golgi

body (GB). 70,000x; scale bar = 0.5 ^m.

Figure 8. Light micrograph of a large granule hemocyte from Pamdinis inlemiptux 2 min after mixing

equal volumes of hemolymph and seawater containing trypan blue. Note the cell is intact and has spread

on the glass substrate. Nucleus (N); filopodia(F). 2000X; scale bar = 10 ^m.

Figure 9. Light micrograph of two hyaline cells from P. inlcrrupius from the same preparation as cells

in Figure 8. These cells have not attached to the substrate and they have lysed, leaving a light (blue-stained)

nucleus (N), blebs (B), and thin rim of residual cytoplasm (arrows). 2000 X; scale bar = 10 ^m.

Figure 10. Light micrograph of hemocytes from P. inlvrruplus during early clot formation (2 min
after mixing with seawater). Note the clusters of hemocytes between the large circular areas of coagulated

hemolymph (C). Large granule hemocytes (L); small granule hemocytes (S); and hyaline cell (H). 700X;
scale bar = 25 ^m.

Figure 11. Light micrograph of hemocytes from Loxorhynchus ,i,'*w/<//.v during early clot formation (2

min after mixing with seawater). Note the large aggregation of hemocytes. Obvious areas of coagulated

hemolymph are not present. 700X; scale bar = 25 ^m.
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Table II

Comparative hemocyle differential counts using light tiiul tranxmixxiim

electron microscopy

Large granule Small granule

cells cells Hyaline cells

Homarus

americanus

Light 16.4 + 2.7 60.2 3.6 22.4 2.4

microscopy ( 10.0-26.5; 9) (41.5-76.2; 9) ( 1 1.9-34.2; 9)

Electron 10.3 1.6 62.4 2.1 27.3 2.8

microscopy (7. 8-19. 5; 7) (53.8-71.3; 7) ( 15.2-35.9; 7)

Panulirus

intern/plus

Light 9.8 2.6 29.2 + 3.6 61.0 + 3.4

microscopy (4.0 + 21.0; 6) (22.0-45.5:6) (50.0-72.0; 6)

Electron 12.6+1.7 31. 1 1.7 56.3 1.7

microscopy (6. 3-18. 7; 8) (26.6-40.2; 8) (48.5-62.8; 8)

Loxorhynchus

grandis

Light 14.1+2.3 67. 8 5. 3 18.1 3.8

microscopy (6.0-2 1.0; 6) (44.0-79.0; 6) ( 1 1.0-35.0; 6)

Electron 10.4+0.7 68.81.6 20.81.6

microscopy (8.0-13.0:6) (62.2-72.0:6) (15.4-25.6:6)

Values are mean + standard error (range; number of measurements).

gregates were small and widely separated by clotted he-

molymph.

Trypan blue experiments. Previous work with deca-

pods has shown hemocyte lysis to be the initiating step

in hemolymph coagulation. The method used here to

identify lysing hemocytes simulates coagulation result-

ing from a seawater influx such as a break in the exoskel-

eton. The addition of trypan blue (which does not alter

the process of coagulation) facilitates early identification

of lysing hemocytes. Cell categorization at the LM level

is impossible following lysis; thus TEMwas used to de-

scribe successive steps in coagulation (see next section).

When hemolymph was mixed with seawater containing

trypan blue, two populations of cells were observed. In

one group, the cells contained distinct granules, spread

on the glass slide, extended filopodia(Fig. 8), and did not

accumulate trypan blue during the observation period.

This group was composed of small and large granule he-

mocytes. The second group of cells remained ovoid and

did not attach to or spread on glass slides; the cytoplasm
and nucleus of these cells appeared blue. By 1 min, mul-

tiple blebs were apparent beneath the plasma membrane.

Cytolysis occurred by 2 min in L. grandis and by 5 min

for the lobsters, leaving a blue-staining nucleus and frag-

ments of cytoplasm (Fig. 9). Visual observations of indi-

vidual cells confirmed that the lysing cells were hyaline

cells in all three species (Table III). In addition, the per-

centage of lysing cells in each species corresponded to

the percentage of hyaline cells obtained from differential

counts. Using the trypan blue method, the smallest pro-

portion of clotting cells was found in L. grandis (19%),

with //. americanus intermediate (34%) and P. interrup-

tus highest (50-70%). We suggest that the coagulation

patterns reported by Tail (191 1) are not three distinct

categories but rather represent a continuum relating to

the percentage of hyaline cells. Species with the highest

hyaline cell percentage exhibit type C coagulation; lysis

of these cells results in large expanses of coagulated he-

molymph with small intervening clusters of granulo-

cytes. As the percentage of hyaline cells decreases, so

does the amount of coagulated hemolymph. Therefore,

in animals with type A coagulation, like the crab, the pre-

dominant feature is the aggregated granulocytes which

are, in fact, connected by strands of coagulated hemo-

lymph.
The trypan blue method was particularly useful with

the crab because the hyaline cells are not abundant, lyse

faster than in the other species, and the granulocytes rap-

idly attach to one another to produce large aggregations.

Thus lysed cells in unstained preparations were difficult

to identify within the mass of cells (primarily granulo-

cytes) that appear unaffected and intact.

Morphology of coagulation. When equal volumes of

hemolymph and seawater were mixed, coagulation be-

gan immediately and produced a strong clot within a few

minutes. Clots produced in P. interrupt us were com-

posed primarily of coagulated hemolymph with hemo-

cytes scattered throughout the matrix (Fig. 10). In H.

americanus. less coagulated hemolymph was present

and tightly compacted clusters of granulocytes were con-

spicuous. In L. grandis, the bulk of the clot was produced

by aggregated cells (Fig. 1 1 ) and only strands of coagu-

lated hemolymph.
In all three species, changes in cell morphology oc-

curred primarily in the hyaline cells. Early changes in-

volving loss of plasma membrane integrity were identical

to those observed in the preceding trypan blue experi-

ments. Electron microscopy revealed that the centers of

the hyaline cell blebs appeared empty and were sur-

rounded by round, electron-dense deposits (Fig. 12).

Granules in these cells, which were homogeneous in sec-

tioned material and dispersed throughout the cytoplasm.

Figure 1 2. Transmission electron micrograph of a hyaline cell from L. grandis 2 min after mixing with

seawater showing the formation of blebs (B). Note the homogeneous granules (G) aggregated around the

nucleus (N) and the small electron-dense deposits (arrows) throughout the cytoplasm. 12,000> ; scale bar

= 2.5 fim.
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Comparative liemocyte lunctiun.t

Large granule cells

(% positive)

Small granule cells

(% positive)

Hyaline cells

(% positive)

Homarus americanus

Clotting:

%accumulate trypan blue

Phagocytosis:

%phagocytic

%dead(+ bacteria)

%dead(- bactena)

Encapsulation:

%of adherent cells

Painilirus interrupt us

Clotting:

%accumulate trypan blue

Phagocytosis:

%phagocytic

%dead (+ bacteria)

%dead(- bacteria)

Encapsulation:

%of adherent cells

Loxorhynchus grandis

Clotting:

%accumulate trypan blue

Phagocytosis:

%phagocytic

%dead(+ bacteria)

%dead(- bacteria)

Encapsulation:

%of adherent cells

0.0

39.3

9.3

0.0

63.3

32.0

0.0

0.0

68.4

0.3

70.0

4.8

16.7

67.2

1.2

93.1

11.5

0.0

21.2

83.1

16.2

0.0

25.3

0.7

95.9

6.1

1.7

28.7

100.0

0.0

83.0

29.7

0.0

100.0

0.0

31.6

1.6

6.3

100.0

0.0

95.0

24.3

4.1

Mean percentage of each category which accumulates trypan blue, is phagocytic, or initiates encapsulation by adhering to fungal hyphae. In the

clotting experiments. >100 hemocytes in each category were evaluated from each of 5 animals. In the phagocytosis experiments, >100 hemocytes

in each category were evaluated from a single animal. Percentages of dead hemocytes were compared in the presence ( + ) and absence (

-
) of bacteria.

In the encapsulation experiments, > 100 hemocytes in each category were evaluated from each of 5 animals.

became concentrated around the nuclear envelope. As

the plasma membrane over the blebs ruptured, cyto-

plasm containing the deposits and disrupted organelles

was released. Surrounding the degenerating hyaline cell,

long strands were formed in the hemolymph, which ap-

parently hydrated into typical clot material. Concur-

rently, granules developed a scalloped margin, their con-

tents became grainy, and adjacent granules sometimes

fused. Granules released their constituents either by exo-

cytosis or lysis into the cytoplasm.

As hyaline cells of P. interniptus lysed, spheres of coag-

ulated hemolymph developed around each cell (Fig. 10).

The spheres expanded and fused with adjacent spheres

to produce a continuous hemolymph clot with clusters

of granulocytes scattered between roughly spherical ar-

eas of coagulated hemolymph. Hemolymph clots of Ho-

marus contained fewer areas of coagulated hemolymph
and larger intervening granulocyte clusters. In contrast,

the clotted hemolymph of L. grandis was composed of

masses of aggregated granulocytes (Fig. 1 1 ) often adher-

ing to long strands of clot material. The granulocytes in

all three species did not lyse during the 1-h time period

examined in this study, although they extended filo-

podia. Large and small granule hemocytes rarely dis-

played exocytosis of granules.

Phagocytosis of bacteria

Phagocytosis of the Gram-negative bacterium Cyio-

phaga sp. was performed by most small granule hemo-

cytes, some large granule hemocytes, and none of the hy-

aline hemocytes (Table III). The percentage of phago-

cytic small granule hemocytes ranged from 83% to 96%,

whereas only 30% to 67% of the large granule cells were

phagocytic. In contrast to incubation in seawater, where

cytolysis of hyaline cells was observed, most hyaline cells

and granulocytes remained viable when incubated in

SCM(shrimp culture medium) for the 2-h duration of

the phagocytosis experiments. However, enhanced au-

tolysis was observed when hyaline cells and granulocytes

were cultured in the presence of bacteria (Table III). Hya-
line cells that did not lyse during the experiments did not
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Table IV

Comparative hemocyte cytochemistry
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functions. Although granulocytes of the three species

studied in this paper, the penaeid shrimp (Sicyonia in-

gentis) used to develop the system, and several other spe-

cies described in the literature (Bauchau, 1981) are

morphologically almost indistinguishable, hyaline he-

mocytes constitute a heterogeneous group. Our observa-

tions may explain much of the confusion in the literature

regarding hemocyte morphology and function. Such dis-

crepancies have prevented information obtained on a

particular species to be readily interpreted with regard to

other decapods. In some cases, functional studies have

not identified cell types involved in hemolymph coagula-

tion and phagocytosis. For example, both Schapiro cl al.

(1977) and Goldenberg et al. (1986) presented quantita-

tive data on phagocytosis of bacteria by H. americaniis

hemocytes, but neither group could identify the phago-

cytic hemocytes. In other cases, morphological identifi-

cation did not correspond to functional roles. For in-

stance, Soderhall cl al. (1986) refer to the hyaline cell

as the main phagocytic hemocyte in the crab Carcinus

maemis whereas in the crayfish Pacifastacus leniiisculus

phagocytosis is performed by both hyaline cells and

semigranular cells. Such lack of consistency in ascribing

similar functions to apparently similar hemocyte types

stems from difficulties of using a classification system
based on traditional morphological interpretations of hy-

aline and granular hemocytes (i.e., granule number and

size). Our data show that, for the four species investigated

thus far, function is correlated with other morphological
features such as cell size, nucleocytoplasmic ratio, and

the presence of cytoplasmic deposits.

Historically, a second area of confusion is the identity

of the type of hemocyte that initiates coagulation. Re-

sponsible cells have been described as either "explosive

corpuscles" and "hyaline cells" (Wood and Visentin,

1967;Woodrta/., 1971; Ravindranath, 1980) or granu-

locytes (Toney, 1958; Hearing and Vernick, 1967;

Mengeot et al., 1977; Madaras et al., 1981). Our studies

provide an answer for the apparent confusion regarding
the identity of clotting hemocytes. Hyaline cells lyse and

initiate coagulation in all species; however in different

species, these cells exhibit variations in the abundance

and size of granules. For example, the granules of Loxo-

rhynchus grandis are so abundant that the hyaline cells

are easily confused with granulocytes while in Panulirus

interruptiis, the granules in large granule and hyaline he-

mocytes are approximately the same size. Hyaline hemo-

cytes do have in common numerous, 50-nm diameter

cytoplasmic deposits. These deposits can be detected us-

ing TEM, a technique rarely included in previous classi-

fication schemes, and by their propensity to stain with

Sudan Black B.

Weavoided the use of the term "hyaline cell" in our

previous publications (Martin and Graves, 1985; Martin

et al., 1987; Hose et al.. 1987; Hose and Martin, 1989;

Omori et al., 1989) in an attempt to avoid bias in devel-

oping a classification scheme and instead referred to de-

posit cells (with and without granules), small granule and

large granule hemocytes. Wenow consider that shrimp

deposit cells are equivalent to hyaline cells. Therefore,

in an attempt to simplify the classification of crustacean

hemocytes, we suggest the following categories of hemo-

cytes: hyaline, small and large granule hemocytes. It is

very important to recognize that morphology alone is in-

sufficient for assigning any cell to one of these categories;

instead the following criteria for hemocyte identification

are suggested.

Hyaline cells have a nucleocytoplasmic ratios of >0.35

and lyse during clot formation. Because lysis is rapid,

identification of these cells, especially in species with rel-

atively low numbers of hyaline cells, is facilitated by mix-

ing a trypan blue-seawater solution with hemolymph.

Hyaline cells turn blue prior to lysis, thereby allowing

morphological identification of the cell and observation

of changes in cell morphology during coagulation. At the

TEMlevel, these cells contain tiny cytoplasmic deposits

that appear to be involved with the clotting process be-

cause they are only present in the hyaline cells and their

release from the lysing cell precedes hemolymph coagu-
lation. In addition, hyaline cells in the species we have

studied (this paper and Hose et al., 1987), selectively

stain with Sudan Black B. Although this is a general stain

for lipid. it has also been shown to stain coagulogen iso-

lated electrophoretically (Durliat, 1985). Coagulogen

may be contained within hyaline hemocytes or perhaps

produced but not stored in high levels by these hemo-

cytes. In crustacean hyaline cells, the cytoplasmic depos-

its are sudanophilic, with the most intense staining ob-

served from the clustered deposits present in shrimp

(Hose et al.. 1987). Although the test is useful, interspe-

cific variations in the intensity of Sudan Black B staining

are subtle and require careful interpretation. The less

subjective criterion for a positive reaction is the obscu-

rance of the nucleus by the stain.

Our results suggest that coagulation in decapods in-

volves a commonmechanism; the release of cytoplasmic
material through breaks in the plasma membrane, possi-

bly including the granules. The identity of the materials

released is not clear. It has been suggested that ( 1 ) coagu-

logen, the clotting protein, is found in the plasma and

activated by chemicals released from hemocytes and (2)

coagulogen and its activators are released from cells (see

Omori et al., 1989). Ghidalia el al. (1981) reviewed this

topic and demonstrated the presence of coagulogen in

the plasma of decapods representing Tail's (1911) three

patterns of coagulation. Although the presence of coagu-

logen in plasma could result from lysis of hyaline hemo-

cytes during cell separation, these investigators used an

anticoagulant (1:9, hemolymph: 10% sodium citrate, v:v)

which we have shown to be effective in preventing hya-
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line cell lysis. They conclude that differences between the

three coagulation patterns are probably due to the man-

ner in which the clot-initiating materials are released.

From the present study we show that decapods placed in

Tail's category C (characterized by rapid gelation of the

plasma) have twice the percentage of hyaline cells as in

species where hemocyte aggregation occurs followed by

slight gelation of the plasma (Tail's category A). What
remains unclear is Ihe localizalion of Ihe clolling prolein

coagulogen (in cells, plasma, or both) and an idenlifica-

lion of Ihe material released from Ihe hyaline cells lhal

iniliales coagulalion. The most abundanl cyloplasmic

malerial released during coagulalion is Ihe eleclron-

dense deposils. These deposils were idenlified in Ihe hya-

line cells of all decapods we examined using TEMand

appear similar lo published micrographs of coagulocyles

in some insecls (Ralcliffe and Rowley, 1979). Clearly a

specific labelling lechnique for Ihese deposils and coagu-

logen is needed, as in Bohn ct al.'s ( 198 1 ) immunocylo-
chemical study of insecl coagulogen.

Granulocyles, Ihe second major category of decapod

hemocyles, have a nucleocyloplasmic ralio of <0.35 and

Ihey do nol accumulate Irypan blue or lyse rapidly in

cullure. They are identified by the presence of numerous

cytoplasmic granules, positive staining reactions for acid

phosphatase and PPO, and in vitro phagocytosis of bacle-

ria and allachmenl to fungal hyphae. The two subdivi-

sions of granulocyles may be dislinguished by ( 1 ) cenlral

location of nuclei in small granule hemocyles and eccen-

Iric location of nuclei in large granule hemocytes, (2) Ihe

presence of only large granules in large granule hemo-

cytes whereas in small granule hemocyles there is a mix-

lure of granules wilh varying sizes, and (3) Ihe refraclile

nalure of granules only in large granule hemocyles when
examined by phase conlrasl microscopy.

The functional roles of granulocyles correlale well

wilh observed cylochemical fealures. Granulocyles are

Ihe primary defensive cells of Ihe hemolymph and Ihe

Iwo sublypes perform overlapping funclions. Small

granule hemocyles are Ihe main cells involved in phago-

cylosis and conlain many lysosomes. while large granule

cells, which mosl frequently iniliale encapsulation of

fungi, show more intense staining for PPO (Hose and

Martin, 1989).

The funclional and cytochemical crileria for recogniz-

ing two categories of hemocytes (hyaline cells and granu-

locyles) are further supported by observalions of hemo-

cyte maturation within Ihe hemalopoielic lissue of the

shrimp ( Martin etui., 1987). In this species, we observed

mitosis only in agranular hyaline cells and small granule

hemocyles. Clusters of hyaline cells and granulocyles
were segregaled within Ihe hemalopoielic lissue (Martin

el ul., 1987). Wepropose that the Iwo hemocyle catego-

ries represent two cell lines. Cell size is significantly

smaller in hyaline cells and is disconlinuous belween hy-

aline cells and small granule hemocyles. The nucleocy-

loplasmic ratios of hyaline cells of shrimp and the three

species considered here are significanlly higher lhan

Ihose of granulocyles. The ralios of Iwo granulocyle cate-

gories overlap and decrease in large granule hemocyles
coincidenl wilh increases in granule number and size

(Table I). Granulocyles Ihus appear as a conlinuum of

differenlialion from the less mature small granule hemo-

cyles lo the large granule hemocyles.
To summarize, a combinalion of morphological, cylo-

chemical and funclional melhods musl be used lo iden-

lify decapod hemocyles, because Iradilional morpholog-
ical fealures are inadequate and misleading, especially

with regard to hyaline cells. Further sludies by invesliga-

lors ulilizing other decapods are necessary to lest the use-

fulness of Ihis classificalion scheme and lo offer improve-
menls by developing more specific crileria.
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